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A.DSTRACT

An r-yerimintal invastigation wav r-onducted that was Q.oncerned with

the initial phases of a research program for detertd.ning the marner in

which certain basic var'iables influence the high frequency combustion

pressure oacilllat.lun in a rucket. motor. The experimental inventigatlon

reported herein was ,onduct-d 01th a gaseous bipropellant rocket motor

which simplified Ui expqar.ircntal i.•rk by ml iminating several variables

which enter into the combustion process: atomization, vaporiPation, mix-

ing, etc.

The combustion pressure oscillations observed in the subject inves-

tiatiork had frequencies ranging from 550 to 1725 t-ycles per second for

"~'~ ~ ~ ~~ui '~Al~ati,urms were measured

i:ith a c&thode ray oscillograph.

The effects of combustion uhaumber geomotry, the nozzle configuratirn,

the heat-release rates of the propellants, the combustion pressure, and

the equivalence ratio upon the c.mbuatiou pressure oscillations were in-

vaetigated. ,

It is planned to continue tha experimental work performed with the

gaseous biproptllant rocket wtor so that additional basic information

regarding the mechanism of high frequency combustion pressure obscilla-

tions can be determined,



In general, there are two basic types of combustion presvure oscil-

lations encountered in rocket motors; "low frequency combustion pressure

oer'.i11etA- ;i-• And "high frequency co,_asticn pressure orcilltiono."

This report will be concerned only with the high frequency combustion

pressure oscillations (l)(2).*

The frequency range of high frequency combustion pressuro oscilla-

tinnn mrv hP. frnm RnvPrmPl hindred avnlee nsr Ae.tnti tn nnssih1v 12.000

cycteu per secona, anu tile mode oi osci.ativn cLAy ue ionzig.uuulai,

radial, or tangential (see Fig. 1). It is believed that the tangential

mode. also called the "sloshing" mode. is the most destructive to the

rocket motor. From a broad point of view it is possible to segregate

the variables influencing the combustion mechanism of liquid propel lants

into three classos discussed below. Although the pertinont variables

are listed separately for simplicity, it is recognized that all of them

are interrelated and many of them act simultaneously. Thz afore-mentioned

three classes of variables are

(1) variables pertinent to the prpparation of the propellant

for combustion;

(2) variables which influenze the reaceion kinetics of the

mixture, including thoi~e influencing the rate of heat

transfer to the mixture; and

SNumehr 2n rAunthees apply to refcrenees in the Bibliography, Ap-
pendix E.
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(3) vgriables relatcd to the gcometri c confil;uration rf the

thrust chamber and the exhaust nozzle, :.jhdch influence

the pas dy-r-mical processes in the rocket motor.

Variables Wihich Nav Tnf1,,ence Combuition Pressure Osri(Lationn

The individupl variables, which may play a part in either aggravat-

ing or dampeiLLg Lite LelikiMCy f- hitlj fr.cquuncy c-mb=artion pren-tir

oscillations to occur, will be lasted as three separate groups.

(a) Propellant Prenaration Factors. The principal variables re-

lated to the preparation of the propellanto for cobrhution are as fol-

lows:

(2) the penetration of thN prnpellant streams into the gases

existing in the combustion chamber;

(3) the vaporization rate of the propellants;

(4) the degree of unifortidty of the vaporized propelituits

(reactive yiCxture);

(5) the temperature distribution of the reiutive mixture;

(6) the spatial distribution of the reactive raixture in the

thrust chamber; and

(7) the fuel/oxidizer ratio distribution fcr the reactive mixture.

(b) Chemical and Heat Transfer Factors. This category includes

the following:

(i) the rate of fl.ame propagation through the pertinent propel-

lants at different mixcture ratios;

(2) the effect of the temperature and pressure of the vaporized

propellants upon the rate of burning at different mixture

ratios;
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(3) the effect of non-uniformity in the mixture distribution upon

the burning rates;

(4) the effect of the temperature distribution upon the burnln•

ratso;

(5) the effect of diluents, such as the hot burned gases which

are oenlrcu]lated into the vaporized propellants, upon thi

tempcrature distrioution, homogenuief, eu'
1 

,in;..- ,tvz.

(c) Geometricel Factors. The geometrieal ft;ictos w: ich appear to

be important are as follows:

(1) the "spect ratio which may influence tie rocirculation -f

hot gases and the reflection of pressure wa•ves to the com-

bustible mixture;

(2) the configur't~ion of the exhaust nozzle, Aince it too may

ii•,f-..cc t,...,:" rccirculation of hot gaoces and th, . r~f!_÷,t

of rire;3•ure Paveg into the coribuutible mixture; and

(3) the combustion vo-•jme, especially with respect to the effect

of different Astri.butions of the propý ilant nmxt ure upOn

the combustion prorc.,ses.

,cope of the Research Program

The objectives of the reaearch program are concerned with determin-

Inp the relative Importance of several of the pertlnent phy3ical and

chemical factors upon comhustiDn pressure oscillations. Because of the

breat experlmentol difficultion attendant upon the determination of ¾.

influence of each of the pertinent variables separately and in the inter-

est of simplifying the experimental work it was deemed logical to alim-

inate as many of the variables as posuibl6, especially An con.lwctli. The
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first phases of the -- search progamn. Consequently, first phases of the

reaearoh program were concerned wikh tin' factort influencing the oscil-

lations in the combustior, 1 ,re.;aurc of a rocket mozor burning a gaseous

oxidizer and a gse'.us fuel.

The princIpal reaeons for conducting thi, Init!,l nvelt'•17ionnr

with a gabuua bipropailant rockot motcr are as follows:

(1) any inCluence of the vaporization of the prop(llantc lo thus

elimiliated;

(2) the mixing of the gaseous oxidizer and gaseous Plel can be

readily nontrolled;

(3) the heat-release ra~e of the propellantis ,oar be changed

markedly aid conveniently by merely changing the gas used

for the Piel., or the gas used as the o:idizer;

(4) the 3ffect of ailuents, such as niurcgen or carbon dioxide,

can be studtied conveniently;

(5; the non-homoganedty in the composition of the reactive mix-

tu'e can be ointrolled quite readily; and

(6) the fuel/oxidizer ratio can be reacily changed, and even

varied throuernut the rorket motora

Details oi the Research Prog-r::

Below is preaented the dC1.ai-nd research pr.zgram, which is of

necesssity a long r-nge program, and divided into six phases,

Phaso I. '-This phase is concerned with studios for determining the

effect of the pertinent variables upon the combustion pres-

sure oscillations in a gaseoua bipropellant rocket motor

for a single bipropellant cnrnbip..'ion.



Phase II. This phase is concerned with studios for determining the

effect of the heat-release rates of the propellant upon

the combustion presoure oscillations,

Phase III. This phase is to be concerned with studying the effect of

the vaporization characteristics, of different oxidiners;

the fuel being in the gasCous state.

Phase IV. This phase will be concerieId with otudic3 of the off oct of

the vaporization characteristlic of different fuels; the

oxidizer being in the gaseous ctate.

Phase V. In this phase the experimental results obtajued from Phases

I and IV inclusive wiJ be correlated with the object of

developing a theory which can be applied by the desiF;ner

of a rocket motor.

Ph=z VI. Th.ic-pht a Ieone~~' Hppfn , ricp-inc

the theoretical reuaut.s deve]& ced wider Pase V.

The prescnt.t report tis oonrret! l Itle results of experimental

inveotigations conductta unl'.r J'Iiuac'c and 11 above. The Investiga-

tlc;iu were con-Jicted ior th- pulpotiV oi dc uo,.If.InL' the influmnces of

the following variabies upon the }rrecnn(ony and amplitude of high fre-

quency ,-o.rustioIi itre.,,nre - in a ,,ieous bipropellant rocket

(!) 1e'L Li.'ijtio( ady otLaLhe ehlausdttii pron-

mu-ke9 and (3) the mn,ýiti.Kocatieuu c)T the exhaust nozzle.



7

NTHOD OF INVESTIGATION

Gnoral Procedurc

1. Investigation of the Effect of Combustion Chamber Length

In these experiments the length of the combustion chamber L was

changed, in steps, from 6 in. to 16 in. by inserting or removUing spacing

rings as required. A series of experiments with L as the variable was

conducted with each of the following propelJlant combinations; (a) methene-

air, (b) ethane-air, (c) ethylene-air, and (d) propane-air. In each

series of experiments the other pertinent variables, such as iteady-state

Luua iuuouii pWea~ute, pL-as-Ur dirops in the air and fucl linca, the nozzle

configuration, the tijector 'nnfiguration, fuel-air premixing chamber

configurations, and equivalence ratio were maintained constant.*

The combustion pressure oscillations were measured with Photocon

pressure transduuerv i (Aonjunction with a six-channel Hatha=y cathode

ray oscillograph (See Appendix B). Figture 2 illustrates schematically

the locations of the pressure transducers: at least two were located

2 1/2 inches dowistream from the face of the injector and one 2 1/2

inches upstream from the entrance plane of the euxauat nozzle.

In all of the experiments discussed in this report, the variables

for computing the air and fuel (gas) flNw rates, were measured, and

* Equivalence ratio is the fuil-air ratio (by weight) divided by the
stoichiometric fuel-air ratio.

! I



PHOTOCON PHOTOCON
PRESSURE INJECTOR PRESSURE
TRANSDUCER----, 7 1 TRANSDUCER

ý L..J ý. L. i

COMBUSTION

C H AM1ER -• PHOTOCON

PRESSURE

TRANSDUCERA
NOZZLE

Fig.2 Location of the High Frequency Pressure Transducers
in the Combustion Chamber

Ix
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alaG •he injection and steady-state combustion pressures.

Figure 3 is a schematic flow diagram for the apparatus employed in

all of the experiments discussed in this report, The detailed operating

procedure is described in Appendix C.

2. Investigation of Effect of Steady-State Combustion Pressure and

Equivalence Ratio

In these experiments the equivalence ratio was varied from the rich

to the lean limits of inflammability, for different constant values of

stoady-state combustion pressure. The latter was varied from 20 to 200

psia. The experiments were conducted with ma'thane and air, ethane and

air. and ethylene and air. In aln cases such variables as the length of

combustion chamber, the mixing chamber configuration, injector configura-

tion, and nozzle oonfiguration were held c.one&ant,

The oocillatiors in the combustion pressure were measured with four

Photocon pressure transducers in conjunction with a six-channel cathode

ray oscillograph, Three of the pressure trwitiucers were spaced circura-

ferentially (900 ap;rt) 2 1/2 inches dovnutre-x• from the injector amd

the fourth was located 2 1/2 inches upstream fr)5 the nozzle (see Fig, 2).

3. Investigation of Influence of Nozzle Configuration

In this series of experiments three different converging nozzles

were employed; theix geometry lu illlutrated. in 1g'-. 4.In -..1 cares

the propellants were methane and air.

Each nozzle was operated with the following parameters maintained

vutsLiLs thr pzearaur -drc~pa in. the air ar.d methane oup,-Iy jinR; the

mixture chamber corigaration, the injector configuration, the cquivalence
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ratio, and the steady state codbustion pressure*

The locaticos of the pressure transducors were those described

under the preceding sub-title.
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EXPERIENTAL RESULTS

1. Types of Combustion Pressure OscillaLioaa

F!inmwe 5 in ar oscillograph record obtained from a gaseous bipropel-

lant rocket motor burning propane and air, designated as PA, at a com-

bustion pressure of 45 psia, with an equivalence ratio (E.R.) of L.2,

and a combustion chamber length of 22 5/8 inel.cs. It is scen that the

high frequency oscillations developed from what were initially low fre-

quelcy Odui±±atior; a u.midV phululi ..... Urtal

gatnra using liquid bipropellant rocket motors (3).

F!gure 6 ic; • .11.ri.ograph vrnr. d obtAined under identical operat-

ing conditions except that the length of the combustion chamber was

28 inches instead of 22 5/8 inches. It in seen from Fig. 6 that in thi,

case high frequency combustion pressure oscillations developed following

a period where the combustion pressure was uniform. There was no ap-

parent initiating disturbance. It is apparent, however, that as the

amplitude of the oscillations increase their wave changes. For conven-

ience of description the term "sinusoidal oscillations" will be employed

the term "shock type" for those having rarid 'rates of increawe in pres-

sure, It has been observed in the experi'nts conducted with ga.neous

biprope!!ant ro^^st =torc at. Pudi U,,l.,,^ rc.... y that az the eintz.'oida!l

oscillations increase in amplitude they bf.-_m transfor-med irto the shock

type of oscillations, Experimenters with liquid prope!laný rocket motors
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have reported similar phenomena (4)(5)(6).

Figure 7 Is a record obtained for the same conditions awi for Fie, 6

except that the combustion chamber length was reduced to 22 5/8 inches.

In this case the frequency of the combustion pressure oscillation is

5470 ops imposed upon an oscillation of 686 ops (see channel 2); the

lptter frequency correzpoudu to that for the fundamental longitudinal

mode for the lcz:-i'I of combustion chamber (22 5/8). On the other hand,

the frequency of 5470 cps does not correspond to any harmonic of its

longitudinal mode of oscillation.

Figure 8 illuutrates the effect of reducing tile lenuth of the com-.

busticn chamber to 6 5/8 inches, all other variableo imaining 'onawt.

iiere again the oscillations have a frequency of 5470 cps, and as stated

earlier they do not correspond to any longitudeInal mode for the combus-

tion eih.T{ 4acnl~e t h-rcfrcr, thzt th'; 54710 CPG cacillatlvn~

is not a function of the length of the oombustJon chamber, and that the

mode of the vucIllation is one of the transverse types (radial or tan-

gential).

2, Effect of Changing the Length of the Combustion Chamber

Figure 9 is an oscillograph record showing high frequency "1shock

type" oscillations of the longitudinal mode obtained from a propane-air

rocket motor having a combustion chamber length of 28 inchoes tba e.q$ve_

lence ratio was 1.2D,

Figur- 10 prenents typical oscillograqmtso" foir uxne yclu of the sho,'k

type of high frequency cv-ibustion pressure oscillation, for the same

*An oscillogram is a pi ,,.rjgraph of the display on tha face of the
canhode ray tube nf a-i oscilloscope.
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CHANNEL 4 (COMBUSj ION PRES URE~

f I
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rocket motor burning (a) methane-air (b) ethane-air, and (c) propane-

air. It is seen that in each case the pre:snure increase consisted of

two rapid changes in prescure. The rir:it occurred when a 1Vngitudinal

pressure wave passed over the presaure senusing diaphrag of the Phýtocon

transducer in moving from the nozzle toward the injector, The second

pressu.re change is due to the same pressure wave being reflected from

the face of the injector and again moving past the diaphragm of the

Photocon transducer; from the injector towards the nozzle. From the

oscillograms presented in Fig. 10 the rates of preusure rise obtained

with the different gaseous propellants is readily determined. Thus for

propane-air each pressure rise was approximately 7 poi and occurred in

approximately 72 microseconds, gi%ing a rate of pressure rise of approxi-

mately 97.200 psi pur second, indicating that the pressure rise was due

to a shock wave.

Figures 9, 11, 12, and 13 are oscillograpi. records from experiments

with four rocket motors each having combustion chambers of the s.uame

diameter but different lengthei. Figure 9 was obtained from a rocket

motor having a combustion chamber length of 28 inches. Channel 2 in

the figure presents the static pressure as measured by a Photocon trans-

ducer located in the wall of the combustion chamber 2 1/2 inches upstream

from the entrance to the nozzle, and channel 4 is a record of the static

pressure 2 1/2 inches downstrearm from the injector; the calibrations for

channels 2 and 4 are also shown on the record. Channels 1 and 3 are

static pressure records obtained from high pressuve (2000 psi) trans-

duoste, and channel 5 is a record of the noica in the test cell au mea-

sured by a microphone. No information was taken from Channels 1, 3, and
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5. It is apparent from the records obtainei from channels 2 and 4 that

the combustion pressure oscillations were of the "shock" type, their

fr•equency was 570 cycles per second, end t:'air peak to peak amplitude

was 22 psi.

Figure ll illustrates the effect produced by reducing the length

of the combustion chamber from 28 In. to 22 5/8 in, The 5 chan-

nels in Fig. 11 represent the same parameters as in Fig. 9; the pressure

calibrationfs for channels 2 and 4 are shown on the record. It is seen,

from channels 2 and 4, that the combustion pressure oscillations were

of the "shock" type, their frequency was 685 cycles per second, and

their peak to peak amplitude 22 psi.

Figure 12 is an oscUllograph record obtained when the length of the

combustion chamber was decreased to 16 5/8 in. Channel 2, in Fig. 16,

presents the statia pressure as measured by a Photocon transducer located

in the wall of the combustion chamber 2 1/2 inches upstream from the Pn-

trance to the nozzle, and channel 4 presents the static pressure as mea-

sured by a Pe.otocon transducer located in the wall of the combustion

chamber 2 1/2 inches downstream from the injector, the pressure calibra-

tionst for' channels 2 and 4 are shown on Uie record. Channel 1 is a

stat'.c pressure record obtained from a high pressire (2000 psi) trans-

ducer, and channels 3 and 5 had no input applied to them. The records

obte•.ud ?rvu efai-,els 12 and 4 -Indicate that the cormbqtlonn pneassime

oscillations are of the "shock" type, their frequency was 948 cycles

p r second, and their peak to peak amplitude 17 psi.

Figu--e 13 i!3 the record obtained from a rocket motor having a cosi-

bustion chamber length of 12 5/8 inches. Channel 2, L. Fig. 13, presents
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the static pressure as measrwed by a calibrated Photocon transducer lo-

cated in the wall of the combustion chamber 2 1/2 inches upstream from

the entrance to the nozzle. It is seen, from channel 2, that the com-

buation preotue oscillations were of the "sinusoiojai" type, their fre-

quency was 1219 cycles per second, and their peak to peak amplitude

3.5 psi.

Figure 14 presents the frequency of the combu3tion pressure oscil-

laetons, as obtained from the oscillograph records, as a funotionv uf W1U

length of combustion chamber for five different values of combustion

chamber length for the case where tho propellants were propane-air

burned under the conditions indicated in the figu'e. Experiments con-

ducted with the propellant combinations methane-air, ethane-air, and

ethylone -aL_ yielded similjir relationships between the frequency of the

oscillations sad the length of the combusLion chamber.

Figure 15 presents the amplitude of the Tonbustion pressure oscil-

lations as a function of the length of the combustion chamber for the

propellant combinations of meth.-ne-air, ethane-air, and ethylene-air,

In all of the experiments the pressure drops in the air and fuel lines,

and the steady-state Combustion pressure were held constant. The varia-

bles were the combustion chamber length and the equivalence ratio. The

curves in Fig, 15 were obtained by plotting the largest amplituie of

fhA preqŽuecy oeillation foragiven length of combuction -hambcr. rho

.requen.y and:f • tA-• oscillations were obta,.,ed from o--cillo-

graph records such as those p:'esented for propane and air,
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3. Effect of Changir4n the Equivalence Ratio

These experiments were conducted for the purpose of determining th',

influence of' the eqvivalence ratio upon the susceptibiliti of a rocket

motor to combustion preseure oscillations. The experiments were con-

ducted with the following propellant combinations; methane-air, ethane-

air, iud ethylene-air. In all of the experiments the length of the

%ýombuation chamber was 16 1/4 inches, and the same etuhauat nozzle (Ntc. 1,

Fig, 3) was employed. The steady-stato oombustion pressure was varied

from 20 to 210 psia and the equivalence ravtos from approximately 0M)

to 1.4.

Figure 16 is a typical oscillograph record from a rim using ethane

4_ jpj1~" '" f pnd tdvatiut.ý eomouq.ti , pr ,,ore wa

88 paia and the equivalence ratio was 0,990, and Fig. 17 is one for the

same propellants for a steady-state combu.tion pressure of 113 psia and

an equivalence ratio of 0,991, Four Photocon pressure transducers were

used in the experi;nnts. Channels 1, 3, and 4 of the oscillograph

records shown in Figs. 16 and 17 present the static presaers as measured

by a Photocon pressure trangducer located 2 1/2 inches downstream from

the injector face. Channel 2 presents the static pressure as measured

by a Photccon prassre transducer located 2 1/2 inches upstream from

the nozzle face.

Figure 18 is an oscillograph record obtained using methane and air

as the propellants and illo.•Draten the transverse oscillations encountered

when the stuadj-atate combustion pressure is increased over 150 psia.

The steady-state combustion pressure was 210 psia and the equivalence

ratio was 0.670. Channel 2 presents the static pressure measured by a
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CHANNEL 4. C!)MBUSTION PRESSUR E (I)
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Fig, 16 Oscillograph Record for Ethane and Air.
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CHANNEL I ;OMBUSTION PRESSUJRE (I)

CHANNEL 4 COMBUSTION PRESSURE (1) '

Ifr4CRFAS,,ll PRESSURjE So8
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P 131•, psiQ L "O. 01 SEC.--..--4

E.R. •099O
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Fig. 17 Oscillograph Record for Ethane and Air.
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Fig. 18 Oscillograph Record for Methane and Air
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Photocon pressure transducer located 2 1/2 inches upstream frmm the

nozzle face and channel 3 presents the static pressure as measured by

a Photocon pressure transducer located 2 1/2 inches downstream from the

injector face.

Figures 16, 17, and 18 illustrate the effect produccd by increasing

the combustion pressure from 88 to 210 psia. It c-im be seen that as the

at6eady-state combustion pressure is increased, the oscillations transform

from a longitui:.ial to a transverse mode.

Figure 19 presents the equivalence ratio as a function of the mean

combustion pressure for the above series of experiments. The curves

represent the limits of regions wherein longitudinal combustion pressure

oscillations occurred for the different prope kJant coribanatlons.

4. Effect of Nozzle Configuration

Figures 20, 21, and 22 present oscillograph recoyd3 ili.ustrating

the effect of nozzle configuration upon the wave forn o. the combustion

pressure oscillations, for a rocket motor burning methane and air. In

these experiments the steady-state combustion pressure, the conbustion

chamber length, and the equivalence ratio were held constant and dif-

ferent nozzles having the same throat diameters were employed. The con-

figurations of the nozzles are shown Jr Pig. 3.

Figure 20 is an oscillograph record illustrating combustion pres-

) •{sure oscillations which occurred when Nozzle No. 1 (ace Fig. 3) was em-

ployed.

Figure 21 was obtained with Nozzle No. 2 (see Fig, 3) and Fi&. 22

wL'h Nozzle No. 3,
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CHANNL OMBSTION A"S RE(
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Fig. 20 Oscillograph Record for Methane and Air.
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RUN MA2-3

Fig. 21 Oscillograph Record for Methane and Air.
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In all of the experiments channels 1, 3, and 4 present the combus-

tion pressure measured by a Photocon pressure transducer located 2 1/2

inches dot.!nstream from the face of the injector, and channel 2 that mea-

sured 2 1/2 inches upstream from the entrance section of the ex-haust

nozzle,

By comparing the records obtained from channel 2 in each of the

afore-maitioned oscillographs it is seen that changing the nozzle con-

figuration altersi the wave form of the longitudinal combustion pressure

oscillations from the "shock" type. It appears that by properly shaping

the entrance section of the nozzle the amplitude of thu osc 4 1 latlons may

be reduced to an insignificant value.
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Dl8CUSISION OF RESULTS

1. Effect of Lenkh of Combue tion Chamber

A. Longitudinal Mode

Figures 14 and 15 illuotrate the effect of changing the length of

the combustion chamber upon the frequency and amplitude of the combus-

tion pressure oscillations of the longitudinal mode. The curves ahow

that the length of the combustion chamber has a decisive influence upon

the frequency, amplitude, and type of combu-tion pressure oscillations

of the longitudinal mode, The following mý-hanism is pootulated f--V

explaining the influence or the length of the ucmbu•Uion chamber upon

the characteristics of the comb-st-ýcn pressure oscil'.:,.-rr-n of the

longitudinal mode,

Consider a small pressure disturbance traveling lonL".tudirally

downstream from the injector toward the novzle, During the time that

the pressure disturbance is moving in the downstream direction, the

combustion process in the neighborhood of the injector proceeds at a

normnal rate. After the pressure disturbance is reflected upstream from

the entrance section of the nozzle it traverses the recently ignited and
unburned propellants as it moves toward the face of the injector, The

pressure wave compresses the unburned and burning mixture traversed by

sequently the heat-release rate. Becatse of the increased rate of heat-
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release the pressure disturbance be-comes amplified L3cause if the in-

creased rate of prodtction of hot combustion gases; the latter rate ex-

ceeds that corresponding to the steady-state combustion pressure, The

aml!Pied pressure disturbance Im reflected from the injector face and

again traverses the unburned mixture augmenting the burning rate and

consequently further amplifying the pressure disturbance,

In a rocket mote- havir, a short tubular combustion Chamber, the

time for a pressure disturlxance to traval - , Lhe length of the combus-

tion chamber Is short. Consequently, only a small amount of c imbustible

mixture i injected into the combustion chamber during the time required

for two successive reflections of a pressure wave from the face of the

injector. The smaller 'he quantities of burned and burning propellants

traversed by a pressure dieturbonce the smaller is the enrrgy release,

and consequently the amplitude of the combustion pressure oscillations.

It is conceivable that if the combustion chamber is short enough the

amplitude of the combustion pressure oscillations of the longitudinal

mode may benome insignificant.

Increasing the length of the combustion chamber increases the time

required for a pressure dioturbance to traverse twice the length of %.he

combustion chamber. Simultaneously, the qua•itities of unburned and

burning propellants present in the combust3 on chamber between successive

reflections of the pressure wavi, are increased. One may, therefore, ex-

peat an increased amplification of combustion pressure because of the

larger amount of thermochemical energy released by the pressure wave com-.

pressing the larger amounts of unburned and burning propellants. It is

conceivable however, that if the combustion chamber wer.e made oufficiently
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long the pressure disturbance will be considerably attenuated before it

can traverse twice the length of the combustion chamber. Thus the re-

turning pressure wave could be too weak for raising the temperature and

prenu-a'e nf the unburned and burning aixtuare saigificantly, and, there-

fore, there would be no amplification of the pressure disturbance.

The experimontal results presented in Figs. 9, 11, 12, and 13 ap-

pear to confirm the mechanism postulated in the foregoing. No data were

obtained, however, for combustion chember lengths exceeding 28 inches.

Comparison of F'.js. 9 and _1., for the longer chambers (28 and 22 5/8

inches respectively) with Figs. 12 and 13, shows that the amplitudes of

the oscillations for the longer chambers were larger than for the shorter

chambers. Furthermore, in tne experimenLs wn,ri a I.uumuu.1u&, •1 +-

6 5/8 inches long, no high frequency combustion pressure oscillations of

the lonigitudinal mmle cotd be initiated.

B. Transverse Mode

Figure 7 shows the presence of an oscillation having a feellanoy of

5470 cps superimposed on the longitudinal mode. Regardless of the length

of the combustion chamber, the presence of that frequency was noted in

all of the propane-air experiments which exhibited the transverse super-

imposed upon the longitudinal mode.

Moreover, the frequency of 5470 cps does not correlate with the

fundamental frequency or any hargonic of a longitudinal acoustic mode.

It is concluded, therefore, that the 5470 cpa frequency is some form of

transverse mode of combustion pressure oscillation, that is, radial,

lozhing, or spinning (see Fig. 1).
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No detailed information could be obtained regarding the 5470 cps

oscillation because the Photocon rressure transducers were located so

that only the longitudinal mode could be identified. It is planned to

make a eta•l•-d -jtudy o'f thA transverse modae of osciilation by employ-

ing rocket motors having larger diamoter combustion chamLers, so that

the identification of the various transverse modes will be simpler.

C. Comparison of the Experimental Results with a Mathematical Analysis

Figure 23 shows the frequency of a longitudinal mode in cps as a

function of the combustion chamber length in inches. The curve blbeled

"Theoretical" was computed from the following equation derived by

Tischler et al (7).

f= o.36 nC*
L

wh er"e

f is the frequency of the longitudinal oscillation in cps.

n is a harmonic factor.

C* ls the characteristic velocity in ft/sec.

L is the length of combustion chamber in ft.

The curve marked "Experimental" in the same as that presented in Fig. 14

for the propaze-afr propellants,

It is seen that the experimental. values for the frequency of the

oscillations compare favorably with the calculated values, even though

the assumptions employed in deriirhtg the eqAation limit its application to

systems having no energy addition within a cycle, a constant velocity

for the speed of sound, and no steady-state velocity through the system.
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Actually, apart from aiding in identifying the mode of the oscillation,

little Is gained by comparing the experimental and calculated value, of

frequeicy.

Other theories are based upon the concept of a tiae lag (8). A

part of the time lag includes vaporization and mixing of the propellants

but there processes are absent in the rocket motor employed in the ex-

perimental work reported herein; the propellants were premlxed gases

prior to their injection into the combustion chamber, No comparison was,

therefore, made with the theoretical results of the afore-mentioned type

of theory.

Figure 19 presents the equivalaice ratio as a function of the meaw

oombustion pressure for the methane-air, ethane-air, and etbylene-air

propellants. The curves shown in the figure delineate the regions of

stable combustion, combustion pressure oscillations of a longitudinal

mode, and oscillations of a transverse mode. To illustrate, for the

ethylene-air propellantz no oscillations were observed in the region to

the left of the curve alblCI. In the region enclosed by alblc1  the

oscillations were of a longitudinal mode, but in the region enclosed by

d1al bl eI they were of a transverse mode, For methane and air the region

wherein the combustion was oscillatory covered the smallest range of

equivalence ratioA for the propellant combinations investigated. On the

other hand, combustion preoaure oscillations were encountered with the

ethylene-air propellants over the widest range of equivalance ratios.

It is possible to relate the stability regions to the heat-release

rates ;or the propellant combinations. The rate of hý t-relca=c for a
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propellant combinati in (see AppendAx C) depends upon (a) the comsbuotion

pressure, and (b) the equivalence ratio, Since the length of combustion

chamber exceeda its diameter, it takes longer for a longitudinal com-

b-stion pres,_,e wave t.o traverse the comtostion zone tha•n it does for

a transverse wave. Consequently, a lower heat-release rate is requidred

for sustaining a longitudinal than a transverse oscillation. Increasing

the steady-state combustion pressure, however, may increase the heat-

release rate sufficiently so that only the transverse oscillations can

be sustained, It appears, therefore, that beyond a certain critical

steady-state combustion pressure (150 psia for methane and air) only

oscillations of a transverse mode will occur, and below that cobiuetion

.'*ssure the longitudinal mode appears, The ethylene-air mixture Irs

higher heat-release rates at a given initial combustion pressure than

the other propellants. Consequently, for the rcaaeon given above the

transition from the longitudinal to the transverse oscillations occurs

at lower steady-state coa&bution pressuros for ethylene-air than for

methane-air.

Figuro 24 lllLar"eL qualitatively the uffeet of the equivalence

ratio upon the heat-release rates of mixtures of methane and air,

ethane and air, and ethylene and air (8)(9)(10). It is seen from Fig,

24, that for a given heat-release rate the range of equivalence ratio

is larger for ethylene than for methane and ethanew. Thu, Uhe range of

equivalence ratios in which combuebion pre~sure oscillations could occur

for ethylene would be greater than those for methane and ethane.

W•en the ctead'-etate cnibuoticn pressure for =th.ne and -Ir. •ede

approximately 150 pala the range of equivalence ratios giving combu3tion
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preisure oscillations of a longitudinal mode is quite narrow. At com-

bustion pressures above 150 psia the amplitudes of the longitudinal

combustIon pressure oscillations buccme very small (less than 5 psi),

but large amplitude transverse comtbusticn pressure oscili-ations3 may oc-

cur (see Fig, 18).

For the ethane-air propellants the combustion prnsste oscillations

transform from a longitudinal tc. i transverse mode at a .loier steady-

stato combustion pressure than for the methane-air propellan 3- The

-thylene-air combination has the highest heat-release rate of the pro-

pellants investigated, and with those propellants combustion oscillations

of a longitudinal mode transformed into oscillations of a trancserse Mode

nt. rnn,h•atinf flwpgtfl'pf .n ',•tS. h!th n~q
4 

.

For all of the propellants investigated no oscillations were ob-

served below some value for the steady-state combustion pressure. At

those low pressures, the propellant flow rates are small and the amount

of energy supplied per unit time to the combustion zone was insufficient

for driving a combustion pressure oscillation.

3E Effect of Nozzle Configuration

A comparison of Fips. 20 and 21 indicates that a slight co..figura-

tion change in the converging portion of the nozzle has no appreciable

influence upon the wave shape of the combust.on pressure oscillations.

Figure 22 illustrates that the wave shape of the oscillation shown

in channel 2 (the Photocon transducer located 2 1/2 inches upstream of

the nozzle entrance) differs markedly from that of the shock type. The

difference may be attributed to Une face haL Wlhu entrane ezSeeulI uf the
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nozzle no longer affords a surface from which pressure waves can be re-

flected in the longitzdinal direction with full intensity but causes

the reflected pressure waves to interfere with each other.
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CONCLUSIONS AND RECO124}Y'D.,•TAOS

From the experiments performed thus far under Phases I and II of

the program, 11,. apparent that little is known of the mechanism whereby

high frequency combustion pressure oscillations are initiated, amplifiad

and attenuated.

The experiments discussed herein were conducted with premixed gases

as the propellentso The time lags for vaporizing and mixing the propel-

lants, present in the ease of liquid propellants, were abncnt (11).

Nevertheless, hi gh frequency combustion pressure oscillaLiona were ou-

tained. It appears probable that the time lag required for vaporizing

and mixing liquid propellants may not bo a prcdominatLng factor in the

initiation of high frequency combustion pressure oscillations. More in-

vestigation is needed to establish that point.

The experiments indicate that the rate of heat-release of a propel-

lant combination is an important factor in initiating high frecuency com-

bustion pressure oscillations; the normal burning velocity was the prop-

erty er~ployed f::v comparing the heat-release rates of premixed gases.

The experimen.ts demonstrate that the geometry of the combustion

charber enercises a decisive influence in initiating and sustaining the

high frequency combustion pressure oscillations. Furthermore, the con-

figuration of the exhaust nozvles affec'.-. the wave form of the high fre-

quency combustion pressure oscillations.
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Although transverse combustion pressure oscillatbion were observed

in the experiments, insufficient studies of that phenomena were made

for deducing general conclusions. Research has been planned, employing
larger diAmeter mntorn. fn. akig a ore oplete t-Ay of the trans-

verse modes of oscillation.

It is planned to expand the experimental program concerned with the

influence of heat-release rates upon the high frequency combustion pres-

suro oscillations. It is also planned to study the effect of changing

the location of the propellnnt injection system and also the influence

of fuel additi.es upon the high Zr-quency combustion pressux-'e oscilla-

tions.
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ArPPMDIX A

NOTATION

A - Arrhenius constant

C f - local concentration of fuel

C - local concentration of oxidizcro

C* - characteristic velocity

e - 2.7Tj28

EA - ethane-air

EyA - ethyl3ne-air

E.R. - equivalence ratio

F - function of the transport properties of the system

f - frequency

g - acceleration of gravity

K - a constant

L - length of the coibuation chamber

MA - methane-air

Pc - combustion pressure

p - local pressure

Q - hnat* vqle-q• rate per unit volume

R - gas constant

S - experimental flame speed
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T - local temperature

Tf - adiabatic flame temperature

W - reaction rate

E - portion of fuel remaining unburnt

(II
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APPenDIX B

DESCRIPTION OF APPARATUS

INSRUMENTATION AND MEA3URE!'NTS

l. General Description. Figure 25 illustrates schematically a plan

view of the test cell, propellant supply tanks, and control room. All

of the rocket motor experiments described herein were conducted in the

above test cell. The control panel for remote operation of the rocket

motor and also the requisite instruments for recording the data were

located in the control room.

2. Control Room. The control rvom wuatailed tVe 'firing control con-

sole,'t the indicating and the recording pressure gages for steady-state

readings, the high frequentf, pressure measuring instrum.-itation, the

te-mperature indicators, and the instruments giving the steady-state flow

rates of air and fuel. Pigure 26 illustrates the arrangement of the ap-

paratus. All of the operations of the rocket motor were controlled from

the "firing contrcl console" Which contained all of the requisite con-

trol switches.

3. Test Cell. Figure 27 is a photograph of a rocket motor molited on

the thrust stand in the test cell. The latter hoased the rocket motor,

the thrust stand, and the fwul and air feed lines and their associated

apparatus,

4(a). Air Supply Systm. High pressure air at approximately 1500 psig

was supyilied to the prsssure reducing system illustrated in Fig. 3. By

IJ



I

55

-NIGH FREQUENCY
PRESSURE INSTRUMENTATION

RECORDING
OSCIL LOGRAPH

THRUST STAND FIIGCONSOLE

ROCKETOI GE

MOTORPRESSURE GAGEPANEL

FUELE '4:

FUEL () Id -FLO1W RATE
CYLINDERS 0 RECORDERS

Fig. 25 Plan View of Tes, CeUl



56

000
Z~ 0-

w;!)

Ci

t~

IL4



Cl57

41 EM=

ct0

=1ll
___aaUlmlow 1k



58

.aeans of the latter system the air entered the cell at a constant pres-

sure of 550 psig; the pressure was controlled by a preset Grove "Powre-

actor Dome" Pressure Regulator (Type RRX 204-02). The pressure of the

air supplied to the rocket motor was regulated to the required value,

that Aiich would give the req ired flow r&le, by means of a second

pressure regulator (Type RBX204-015, externally loaded); thA )utLet

pressure of the latter regulator was set by means of an Atlas reducing

and relief valve. The air flow rate was metered by a sharp-edged ori-

fice plate in conjunctioi; with a differential pressure transducer

(Wiancko Model P 1203), the output of the latter was recorded on in

automatic balancing potentiometer (Minneapolis Honeywell Model

160632-XX-C1). From the orifice plate the air flowed through a bipro-

pellant valve (taken from an Aerojet 38ALDII-1500 JATO unit) to the in-

jector. A safety valve was installed in the air line and was set to

limit the maximum pressure to 600 psig.

4(b). Fuel Supply System. The fuels used in the investigation with

the exception of propane were supplied from compressed gas bottles.

The methane used was commercial grade (93.0 per cent purity), the

ethane was research grade (95.0 per cent minimum purity), and the

ethylene was research grade (99.5 per cent minimum purity). The methane

was supplied at lý= paig, the ethane at 528 psig, and the ethylene at

1200 psig (each pressure aU 760F). The fuel from the supply cylinaer

entered the test cell at cylinder pressure and was reduced to a pres-

sure of approximately 550 psig by a preset Grove "Powreactor Dome"

Pressure Regulator (Type RBX 204-015). The line pressure of the fuel

supplied to the rocket motor was regulated to give the desired flow
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rate, amn externally loaded Grove "Powreactor Dome" Pressure Regulator

(Type WB 206-04) being employed for that pul-pose. The downstream pres-

sure was regulated to the desired value by means of an Atlas reducing

and relief valve. Downstream from the afore-mentioned Grove Regulator

the fuel flowed through a sharp-edged orifice plate fZr metering ita

flow rate. The differential pressure across the orifice plate was mea-

sured by means of a Wiannko differential pressure transducer (•Ilo'1I

P120"). From the orifice plate the fuel flowed through the bipropel-

lant valve to the injector.

The p.opane was transferred from a commercial low pre9sure bottle

illustrated in Fig. 28, to an AISI. Type 347, stainless steel spherical

tank which was hydrostatically tested to 1500 psig. The level of the

liquid propane inside the stainless steel tank was indicated by means

of a sight glass. The stainless steel tank was immersed in an open

tank (see Fig. 28) containing a mixture of ethylene glycol and water

having a freezing point ot 0-F. The water-glycol mix'ure wa& .eated to

a teaperature of 170°F by four electrical immersion heaters (NModul TC-

4034-230V) made by the E, L, Wiegand Company. At a temperature of

170 F the propane in the stainless steel tank becomes a saturated liquid

at a pressure of 425 paie. When that pressuoe is reached, a pressure

switch (Mercoid Model DA-2!-.) intalled in the propane line in the test

cell opens an electric clcuit to a coil of a 220 volt 90 a .ere relay

(Allen Bradley Model 70200A92A) which opens the circuit of the four im-

mersion heaters. When the pressure in the propane tank drops to 381; psia,

the circuit to the relay coil is closed by the pressure switch which in

turn closes the electric circuit for the immersion heaters. Figure 29



60

x a)

low(1*~ _______



61

rU, --, a F a --
a

I i=

- a a .~a J 
) =

a 07 z a a o I-

T0 
aQ-:~itQ\~2 ~ a l



62

is a schematic drawing illustrating the operation of the afore-mentioned

relay and immersion heaters.

The propane was supplied to the test cell at a pressure somewhere

I-etween 385 oni 425 psia, It was discharged from the top of the high

pressure stainiess steel supply tank, so the propane left the tank in

the vapor phase. The line prosurse of the propane vapor supplied to

the rocket motor was regulated in the same manner as described for meth-

ane, ethane, and ethylene, A superheater was installed upstream of the

orifice plate in order to insure that the pronane was in the superheated

vapor state before passing through the orifice,

A safety valve was installed on the high nris.l.-iva nflr +,nl-

the latter was set at 575 psig!.

5. j&ition System. The fuel-air mixture fed to the rocket motor com-

buatton chamber was ignited by an automotive type spark plug, which was

energized by a magneto (taken from an Allison V1710 engine) driven by a

one-quarter horsepower ele:tric motor; the latter was operated remotely

from the firing conz•in: %n the control room.

6. Research Rocket ibtor. Figure 30 presents a cross-sectional drawing

of the research rocx:et motor. The internal diameter of the combustion

chamber is 3 3/8 inihes and its length is determined by the nutmber of

sections employed. None of the sections of the combustion chamber were

cooled,

7. Mixina Chamber. Firure 31 •llustrates the mixing rhamber and in-

Jecter rcpblrd !r th-e investigaticn. The fuel and air entered the

mixinz charvA ec throut. concentric holes; the fuel enter.U, through the

central hole and tha air through the annulus surrourxdng that hole. The
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fuel-air mixture then flowed through baffles in the mixing chamber wherein

it was thoroughly mixed. The mixing chadw and injection system were

designed to operate with a pressure drop of app.rcmately 150 poi so that

any tendenoy for low frequency combustion oscillations to occur would be

suppressed.

8. Combustion Chamber. The combustion chamber was assestled from mild

steel tubular sections illustrated in Fig. 30. There were four dif-

ferent types of sections. The first type w a thin-walled, uncooled

section, six inches le-ig, having no provision for installing high fre-

y'sncy pressure instrumentation. The second t"pe was a heaeywalled

uncooled section 4 inches long; it týd four holes tappod in the side

for installing four high frequency pressure transducers. The third

type of section was a heavy-elled uncooled section 6 inches long,

which bad four tapped holes: one for the spark plug, one for the thermo-

couple, one for the steady-state combustion pressure tap, and one for a

high frequency preseure trantducer. The fourth. type of section con-

sisted of a group of three spacing rings of 1 Lich, 2 inch, and 3 inch

lengths whose purpose was to provide a means of varying the length of

the combustion chamber fieu 6 inches to 16 inches in one inch increments.

The spacing rings contained no instr•ientation.

A fourth spacing ring shown in Fig. 30 ws used to sheath the in-

jeetor,

9. Exhaust Nozzle. The nozzlet employed in the investigation are shown

in Fig. 4. The one-inch length nozzle was used to inc mean combustion

pressure-equivalence ratio tests, and the oneý two, atn four-inch nozzles

were used in the nozt!Ie configuration testa.
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Instrizzentation and Measurements

1. Pressure Instrunentation The instrumentation for measuring pres-

sure can be subdiv!.ted into two groups: (a) the hi'5h frequency inet.Tv-

mentation and (b) the steady-state irstrumentation.

(a) High Frecuency Inserutentation. This instrumentation comprised

four individual channels of a water-cooled capacitance type pressure

transducer (Photocon Model M-30 and 3Q2 and the associated electrical

equipment (Dynagage Model D.G. 101 and Power Supply PS102) wxutacturcd

by Photocon Research Products). The transducers are illustrated in

Figg. 32.

Since the Photocon transducers and elettrina-I iAryvinmt w-• ' *r

employed for measuring rapidly fluctiating pressures, the characteristics

of the transducer under such conditions were required. A brief discus-

sion of the method in which the transducers were dynamically calibrated

may be found in Reference 1. Figure 33 presents the dynamic response

of the Photocon Model M-30 transducers. The outputs of the Photocon

transducers were recorded on a six-channel, cathode ray oscillograph

(Hathaway Mo.el SC-16B).

The Photocon tran3ucerr were statically calibrated before each

experiment.

Water cooling = uwod during the calibration if the transducers

were to be water-cooled during the run, The calibration pressure was

recorded on the same oani1loVg!h.M record on which the teat prc3uArco

were recorded.

(b) The Steadf-State Instrumentation. This instrumentation consisted

of indicating Bourdon type pressure gages and recording Bourdon tube
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pressure gages. The recording Bourdor. tube pressure gages consisted of

four Esterline-Angus Model AW units. The fuel line pressure, the air

line pressure, injection pressure, and steady-state combustion pressure

wAore recorded on the above unitn. Ths indicating Bc-urdon tube pressure

gagee (Marsh Model 103) indicated the following prmnm m Air i•ne

lmader pressure.. fuel line loader pressure1 air l-e pressure, fuel

line pressure, air line pressure outside cell, regulated fuel supply

pressurn, and air manifold pressure.

2. Prope~lant Flew Instrumentation and Measurements. Instantaneous

flow rates were measured by means of sharp-edged orifices in conjunction

with reluctance-type differential pressure transducers. The electrical

output from each differential pressure transducer was recorded by an

automatic balancing, continuous recording potentiometer. The discharge

coefficient for each orifice was determined by calibrating it with water.

Since gases were employed As the propellants, the densities were deter-

mined from the pressure and temperature measureneents made upstream from

each orifice 'Late. The upstream orifice pressures were recorded on

the Eaterline-Angus units mentioned previously, and the upstream orifics

temperatures were indicated un Uimplytro. millivoitmeters (Nodel 351).
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APPE'NX C

hUT.JRLEASE AMES OF THE PROPE.LAlTS

The rate at which two gaseous sp!des reaot is governed by the

frequency at which colliJcns occur between the molecules of the

species and by the proportion of these ollisions -.hich produce reaction

rue ntrih-c of ooll•.Ai- r un.% are pr-odutilve iop tartica e WZf,--

where E is the acWi-rtton enerar, R the gas cons anL and T. the

The oxidation of a hydrocarbon has been shovo to bo a ch'in reac-

tion completed after a large number of colli.iona between molecules o:

many itermediate species. It may, however, be supposed that one reac-

tion in the chain is more diffif.ult than the others and that it is this

reaction that predominantly controls the rate at whiOh the reaction takes

place (9). It way also be assumed that the concentrations of the two

species partie~mtjng in this link are themselves proportional 6o the

concentrations of unburnt fuel and oxygen respectively. This leads to

an expression of the form

E

Q - KP2 T3/2C• C eC 0 (R)

where Q ir the heat-release rate per unit volume; K is a collision

frequency constant; T and p are the local mixture temperature and

pressure; and Cf and C are the local concentrations of fuel and

oxidizer.
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A study of equation I reveals that the heat-release rate increases

as Lhe local oixture pressure and temperature are increased. Since the

looal zixLure pressure increases as the combustion pressure increases,

Q1 also increases with the ocbustion prestires.

It is convenient to express the tempezature and the local conc•ntra-

t in. torms of the over-•a
1
' fuel/air ratio f, tho proportion of fGcl

remaining unburnt 4 , end the adiabatic tn temperature Tf. Equa-

tion I beom es

Q . K,. L- 1-a) •:/ ] 2 (TR e"

p

Uriero

K' is a constant.

fP is the stoichiometric fuel/air ratio.

H is the calorific value of the comaustibie mixture.

Cp is the mean specific heat bet weon T and Tf.

Although no data are available Yor depicting the relat.4hip between

the heat-release rates of the afore-mentioned' prupe•lants, it is be-

lieved that burning velocity meaasurwnts for the propellants may be

employed in a comparison of the heat-release rates.

For example, nearly all of the theoretical equitions (l1) for

normal burning velocity can ultimately be reduced to the form

2(3)

where

S is the normal burning vlocity.
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F a function of the transport properties of the system, including

the diffusion coefficient, the thermal conductivity, viscosity,

etc.

W the reaction rate,

Equation 3 can be rewritten

S~\1'A a / (4)

Since the pre•ixed gaves used in the investigatiirna are comprised

mostly or air. the innAr fimeMe 4' +1,, ~ .- ~-

system becomes essentially the same for all the propellants used. Thus

it is nece- jary to conoider only the differences in buruing velocity of

the propellants *en comparing the propel:.ant reaction rates (or heat-

release rates).

Figure 24 illustrates qualitatively the variation of heat-release

rate with equivalence ratio for the propellants methane and air, ethane

and air, anc ethylene and air. Figure 24 is based upon data for the

burning velocities or the propellants (10).

Table 1 (Appendix E) presents the dependence of the burning velocity

upon initial mixture temperature and pressure for the propellants.
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APPENDIX D

PROCEDURE FCR CONDUCTING A ROCKET MOTOR RUN

The general procedure followed in conducting a rocket motor run

involved the following.

(1) Selecting the combustion chamber configuration.

(2) Selecting the propellants.

(3) Selecting two instrumentation to be --.pioyed.

(4) Calibrating the pressu : -ransducers.

(5) Operation

1. Selecting hthe Combustioa Chautcr Configuration. The length of the

combustion chamber was altered 'Ž' changing the length of the tubular

seitions between the injector aind the nozzle. Various lengths ranging

from 6 to 28 inches in one-inch increments were available (see Appendix

B). Three different exhaust nozzles were available, as descri.bed In

Appendix B. having a throat diameter of one-half inch and different

convergence angles.

2. Selecting the Propellants; Thc gaseooi p ropeflants 'methane and

air, ethane and air, ethylene and air, and propane and air) were used

in the series of experiments concerned with the steady-state combustion

pressure and equivalence ratio and the length of coribustion chamber.

Methane aand air were utilized in the nozzle configuration experlments.

For each length of combuision chamber a rocket motor run was made

for each of the three F.,opellant combinations.
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3. Sslectign the Igstrumentat on to Be EM1oXed. The previously se-

lected combustion chamber configuration determined the number of high

frequancy pressure transauucers to be employed. The steady-state com-

buuion praasura-equival-ncc ratio and the nozzle configuration ex.ceri-

ments utilized four Phto con transducers and the longTh of combustion

chateru experiments utilizod one Photoeon. The looation of tho Photu-ons

was described pceviowly.,

In addition, measurements were made of the pertinent variables for

determining the air flow rate, fuel flow rate, the injector pressure,

and the steady-statt,".-6 .L.. tinn !%w•: t

4. Cflibratiz the Pressure Transducers. A maximum of six prOe!ur-

transducers were employed in any one rocKet uiotor IUfl Thý, - to=.

were differential pressure transducers (Wiancko) employed for measuring

the propellant flow rates, the remaining four were high frequency pres-

sure transducers (Photocon), All of the pressure transducers were cali-

brated before each rocket motor rum. Any pressure transdueer that war

to operate "water-cooled" during a firing run was water-cooled during

its calibration.
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AFPMDIX E

PROPERTIES OF THE PROPEIAhTrS
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